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SUMMARY 

The  performance  of  several  different  configurations  of  vapour  cycle  cooling  systems, 
using  automotive-type  components,  has  been  experimentally  determined. 

Performance  of  the  individual  components  has  also  been  analysed  and  presented  in  a 
form  appropriate  for  assessing  the  suitability  of  their  application  to  other  system  types. 
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16.  ABSTRACT 

The  performance  of  several  different  configurations  of  vapour  cycle  cooling  systems, 
using  automotive-type  components,  has  been  experimentally  determined.  \ 


'■ Performance  of  the  individual  components  has  also  been  analysed  and  presented  in  a 
form  appropriate  for  assessing  the  suitability  of  their  application  to  other  system  types. 
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1.  INTRODUCTION 

Vapour  cycle  systems  are  widely  used  in  industrial  and  domestic  cooling  equipment.  How¬ 
ever,  their  application  to  aircraft  cabin  cooling  is  very  limited,  particularly  with  regard  to  aircraft 
operating  in  Australia.  The  interest  of  ARL  in  vapour  cycle  cooling  systems  arose  in  part  from 
the  general  requirements  of  Task  No.  AIR-71 /I4,  Cockpit  Conditioning,  and  more  particularly 
because  of  problems  of  excessive  cabin  temperatures  encountered  by  the  Royal  Australian  Navy 
during  operation  of  Sea  King  Mk.  50  Helicopters  (described  by  Rebbechi  and  Edwards  1979). 

In  view  of  the  likely  future  involvement  of  ARL  with  vapour  cycle  cooling  systems,  it  was 
decided  to  carry  out  bench  testing  of  automotive-type  air  conditioning  components.  These 
automotive  components  were  selected  primarily  because  of  their  low  cost,  relatively  light  weight, 
and  ready  availability.  Also  it  was  known  that  these  components  were  used  in  light  aircraft 
cooling  systems.  More  specialised  complex  components,  such  as  hermetically  sealed  rotary 
compressor-motor  units  and  light-weight  heat  exchangers,  were  used  in  larger  aircraft  where 
cost  was  a  less  important  factor  and  system  capacity  requirements  greater. 

The  aims  of  the  initial  test  programme  were  to: 

(a)  gain  general  experience  with  vapour  cycle  systems; 

( b )  establish  the  performance  characteristics  of  the  components  and  so  gain  an  accurate 
appreciation  of  the  size,  weight  and  power  requirements  for  particular  cooling  loads. 

The  aims  of  the  initial  programme  were  subsequently  varied  to  include  the  more  specific 
requirement  to  develop  a  system  with  a  cooling  capacity  of  10  kW,  which  could  be  used  as  a 
trial  installation  in  the  Sea  King  Helicopter.  A  description  of  the  cooling  system  subsequently 
constructed  at  ARL  and  installed  in  the  Sea  King  is  given  by  Rebbechi  (1980). 

This  report  summarises  the  results  obtained  from  bench  tests  of  the  basic  cooling  system, 
and  analyses  the  performance  of  the  individual  components,  namely  the  compressor,  evaporator 
and  condenser.  Two  series  of  tests  were  undertaken.  The  first  series  used  complete  automotive 
evaporator  assemblies  (that  is  evaporators  complete  with  12-volt  fan  for  air  reticulation);  the 
second  used  larger  evaporators  mounted  in  a  duct  with  variable  air  supply. 

2.  PERFORMANCE  TESTS  OF  COMPLETE  AUTOMOTIVE  EVAPORATOR 
ASSEMBLIES 

2.1  Description  of  Cooling  System 

A  schematic  diagram  of  the  cooling  system  is  given  in  Figure  1.  The  control  valves  shown 
enabled  separate  or  combined  testing  of  the  evaporators.  The  evaporator  assemblies  used  at 
this  stage  of  the  tests  were  automotive  types  designed  for  mounting  in  the  vehicle  cabin.  A 
complete  evaporator  assembly  is  shown  in  Figure  2;  the  evaporator  matrix  is  shown  separately 
in  Figure  3.  An  airflow  calibration  of  the  evaporator  and  12-volt  fan  assembly,  with  and  without 
air-grille  mounted,  is  given  in  Figure  4.  The  evaporator  matrix  dimensions  and  construction 
are  illustrated  in  Figure  5.  The  condenser  is  pictured  in  Figure  6a;  the  dimensions  are  given  in 
Figure  6b. 

The  refrigerant  compressor  used  was  a  Sankyo  SD-508  (Fig.  7)  intended  for  use  in  automotive 
air  conditioning  systems.  It  is,  at  times,  mistakenly  termed  a  ‘rotary’  compressor,  but  is  actually 
a  5-cylinder  swashplate  type.  The  power  consumption  was  measured  by  mounting  the  compressor 
in  a  cradle  pivoting  about  an  axis  co-incident  with  the  axis  of  rotation  of  the  compressor  pulley, 
and  measuring  the  reaction  torque  by  means  of  a  load  cell  and  moment  arm.  The  speed  was 
measured  by  a  stroboscope. 

The  refrigerant  used  for  these  and  all  subsequent  tests  was  dichlorodifluoromethane, 
commonly  termed  RI2  or  Freon  12.  This  refrigerant  is  non-flammable  and  non-toxic,  and  is 
used  for  most  automotive  and  aircraft  applications. 
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2.2  Test  Results  of  Single  Imperial  5  Evaporator  Assembly 

The  results  of  two  tests  using  a  single  evaporator  assembly  are  given  in  detail  in  Appendix  1. 
A  summary  of  the  results  is  given  in  Table  1 . 


TABLE  1 

Test  Results  of  a  Single  Imperial  5  Evaporator 


Test 

No. 

Compressor 

speed 

(r/min) 

Evaporator 
inlet  air 
temp.  (°C) 

Condenser 
inlet  air 
temp.  (°C) 

Compressor 
power  (kW) 

Cooling 

effect 

(kW) 

Coefficient 

of 

performance 

Compressor 

isentropic 

efficiency 

1 

2713 

34  0 

34-5 

2-47 

3-80 

1  -54 

0-74 

2 

2713 

216 

20 '5 

2-57 

3-67 

1  -43 

0-69 

A  typical  pressure-enthalpy  (Mollier)  diagram  for  a  complete  refrigeration  cycle  is  illustrated 
in  Figure  8.  The  pressure-enthalpy  diagram  for  test  2  is  illustrated  in  Figure  9.  As  no  measurement 
of  refrigerant  mass  flow  was  made  for  these  particular  tests,  this  diagram  cannot  be  directly 
correlated  with  that  section  of  the  performance  data  which  contains  rate  information  (such  as 
cooling  effect  and  motor  power).  The  compressor  isentropic  efficiency,  as  given  in  Table  1,  can 
be  found  by  reference  to  the  refrigerant  states  at  inlet  and  outlet  of  the  compressor. 


2.3  Test  Results  of  Cooling  System  Using  Two  Parallel  Imperial  5  Evaporator  Assemblies 

The  system  used  for  these  tests  was  as  shown  in  the  schematic  diagram  of  Figure  1,  with 
both  evaporator  isolating  valves  fully  opened,  and  the  evaporator  outlet  air-grilles  removed. 
The  results  of  three  tests  are  summarised  in  Table  2,  and  presented  in  detail  in  Appendix  2. 
The  pressure-enthalpy  diagram  for  Test  5  is  given  in  Figure  9. 


TABLE  2 

Test  Results  Using  Two  Parallel  Imperial  S  Evaporator  Assemblies 


Test 

No. 

Compressor 

speed 

(r/min) 

Evaporator 
inlet  air 
temp.  (  C) 

Condenser 
inlet  air 
temp.  (  C) 

Compressor 
power  (kW) 

Cooling 

effect 

(kW) 

Coefficient 

of 

performance 

Compressor 

isentropic 

efficiency 

3 

2713 

23  0 

21-6 

2-46 

512 

2-04 

0-72 

□ 

2713 

24-5 

22-5 

246 

5-48 

2-21 

0-71 

B 

2713 

34-6 

33 '8 

3-24 

5-33 

1  -64 

0-77 

3.  PERFORMANCE  TESTS  OF  GENERAL  AUTOMOTIVE-TYPE  COOLING 
SYSTEM  COMPONENTS 

3.1  Description  of  Cooling  System 

A  schematic  diagram  of  the  cooling  system  is  given  in  Figure  10.  An  overall  view  of  the 
cooling  system  rig  is  given  in  Figure  1 1 ;  the  two  parallel  evaporators  were  duct-mounted  (Fig.  12) 
and  sited  in  a  separate  room  in  which  the  air  temperature  could  be  controlled  by  electrical 
heaters.  The  mass  flow  of  air  through  the  evaporators  was  adjusted  by  varying  the  fan  speed. 
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The  refrigerant  compressor  was  a  York  209  twin-cylinder  reciprocating  piston  compressor 
(Fig.  13)  having  a  displacement  of  142  cm3  (8 '7  in3)  per  revolution;  a  variable  speed  (0-3000 
r/min)  drive  was  provided.  The  compressor  was  mounted  in  a  cradle  (Fig.  14)  and  the  power 
consumption  measured  as  for  the  earlier  tests  described  in  Section  2,  except  for  the  use  of  a 
spring  balance  for  measuring  reaction  torque. 

The  condenser  assembly  used  for  these  tests  comprised  three  automotive  type  UC1C 
condensers  connected  in  parallel  (Fig.  15).  This  arrangement  was  selected  because  of  its  ready 
availability  at  the  time  of  the  tests.  However,  it  is  not  considered  by  the  authors  to  be  the  most 
ideal  arrangement  because: 

(a)  the  three  refrigerant  processes  pertaining  to  the  operation  of  the  condenser,  that  is 
desuperheating,  condensing  and  subcooling  cannot  be  directed  to  the  most  appropriate 
region  of  the  condenser  matrix.  To  maximise  heat  exchanger  effectiveness,  desuper¬ 
heating  should  take  place  in  the  leaving  airstream  and  subcooling  in  the  entering  air- 
stream.  Common  practice  is  to  situate  a  subcooling  coil  in  the  airstream  entering  the 
condenser. 

(b)  Subcooling  takes  place  in  the  lower  part  of  the  condenser,  which  also  acts  as  a  liquid 
receiver;  however  changes  in  evaporator  cooling  requirements  can  cause  the  liquid 
level  to  build  up  thereby  reducing  the  cooling  capacity. 

A  preferable  (and  usual)  arrangement  is  depicted  in  Figure  16.  It  should  be  appreciated  that 
the  ‘receiver’  in  Figure  10  only  fulfils  the  requirements  for  a  liquid  receiver  (that  is  to  absorb 
fluctuations  in  liquid  refrigerant  requirements)  when  there  is  no  liquid  refrigerant  in  the  condenser. 

An  oil  separator  was  originally  installed  in  the  compressor  discharge  line,  however  it  was 
subsequently  removed  because  of  unresolved  problems  of  excessive  refrigerant  return  to  com¬ 
pressor  inlet.  Thus  the  volume  flow  rate  (measured  by  turbine  flow  meter)  in  the  liquid  refrigerant 
line  included  a  contribution  due  to  compressor  oil  carry-over. 


3.2  Test  Results 

Results  have  been  analysed  from  a  series  of  twenty-seven  test  runs  covering  all  the  combina¬ 
tions  of  three  compressor  speeds  (1000,  2000,  3000  r/min),  three  compressor  discharge  pressures 
(nominally  1030,  1380,  1720  kPa  gauge)  and  three  evaporator  airflows.  Inlet  air  temperature 
was  nominally  constant  at  30  C.  These  results,  summarised  in  Appendix  3,  include  the  system 
coefficient  of  performance,  and  the  volumetric  and  isentropic  efficiencies  of  the  compressor. 

The  compressor  isentropic  efficiency  was  calculated  from  the  refrigerant  states  at  inlet  and 
outlet,  and  the  volumetric  efficiency  from  the  mass  flow  and  refrigerant  state  at  entry  to  the 
compressor.  From  the  results  in  Appendix  3,  graphs  have  been  plotted  of  cooling  capacity, 
compressor  power  consumption,  coefficient  of  performance,  isentropic  and  volumetric  effici¬ 
encies,  versus  compressor  speed.  These  graphs  are  given  in  Figures  17-21. 

Additional  tests  were  carried  out  at  constant  compressor  speed  (2000  r/min)  and  nominally 
constant  compressor  discharge  pressure  (1650  kPa  gauge)  to  determine  the  effect  of  varying  the 
evaporator  inlet  air  temperature.  The  results  from  these  tests  are  summarised  in  Appendix  4, 
and  in  Figure  22  the  change  in  cooling  capacity  with  evaporator  inlet  air  temperature  is  plotted. 


3.3  Discussion 
3.3.1  Cooling  Capacity 

The  cooling  capacity  of  the  system  is  considerably  influenced  by  compressor  speed  and 
evaporator  airflow,  but  the  effect  of  compressor  discharge  pressure  is  small  (Fig.  17).  Cooling 
capacity  increases  with  compressor  speed  but  at  a  decreasing  rate  due  to  deteriorating  compressor 
volumetric  efficiency.  This  effect  is  particularly  apparent  at  moderate  evaporator  airflows. 
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3.3.2  Compressor  Power  Consumption 

The  compressor  power  consumption  (Fig.  18)  increased  with  increasing  compressor  speed 
as  expected,  and  reached  a  maximum  of  4  6  kW.  The  power  requirement  referred  to  here  is 
measured  at  the  compressor  and  does  not  include  drive  losses.  Other  (unrelated)  tests  have 
shown  that  vee-belt  drive  losses  of  10-20  %  can  be  encountered  in  some  circumstances,  depending 
on  pulley  diameters  and  number  of  belts. 


3.3.3  Coefficient  of  Performance 

The  coefficient  of  performance  (COP)  of  the  cooling  system,  defined  by  the  ratio  of  cooling 
capacity  to  input  power,  is  plotted  in  Figure  19.  The  COP  may  be  as  high  as  41  (Fig.  19a), 
however  this  value  is  not  considered  truly  representative  as  here  the  compressor  speed  is  low 
(1000  r/min)  and  the  evaporator  airflow  high.  Reference  to  this  particular  test  (Appendix  3, 
test  No.  19)  shows  that  the  difference  between  condensing  and  evaporating  temperatures  is 
smaller  than  for  any  of  the  other  tests,  thus  the  COP,  which  is  given  theoretically  by 

COP  =  7i>  (r,-rb), 

where  Tt  is  the  upper  temperature  and  Tt  the  lower  temperature,  would  be  expected  to  be  quite 
high. 

A  more  typical  COP  for  this  system  would  be  2-2-5  (Figs.  19b,  c).  This  COP  does  not 
include  compressor  motor  and  drive  inefficiencies,  and  power  requirements  of  the  evaporator 
and  condenser  fans.  When  these  additional  power  requirements  are  included,  the  overall  COP 
will  fall  to  about  unity,  as  found  for  the  cooling  system  built  for  the  Sea  King  Helicopter 
(Rebbechi  1980). 


3.3.4  Compressor  Isentropic  Efficiency 

The  isentropic  efficiency  (Fig.  20)  ranges  from  0-70  to  0-94  and,  as  expected,  decreases 
with  increasing  compressor  speed,  presumably  due  to  losses  through  the  compressor  reed  valves 
and  ports. 


3.3.5  Compressor  Volumetric  Efficiency 

The  compressor  volumetric  efficiency  (Fig.  21)  ranges  from  0-84  (at  low  speed,  low  discharge 
pressure)  to  0-46  (at  high  speed,  high  discharge  pressure).  This  rapid  decrease  in  efficiency  with 
increasing  compressor  speed  was  unexpected,  as  data  of  this  form  was  not  available  prior  to 
testing  of  these  components.  The  refrigerant  compressor  used  for  these  tests  has  a  speed  limitation 
(set  by  the  manufacturer)  of  6000  r/min  for  safe  operation.  However,  due  to  the  deterioration 
of  volumetric  efficiency,  there  is  little  advantage  in  using  high  rotational  speeds  to  achieve 
increased  cooling  capacity.  The  high  speed  capability  of  6000  r/min  is  necessary  where  the 
compressor  is  directly  driven  from  a  motor  vehicle  engine;  a  high  level  of  cooling  is  usually 
required  at  low  engine  speeds  (particularly  at  idle)  and  the  decrease  in  volumetric  efficiency 
at  high  speeds  is  a  useful  power  limiting  characteristic,  obviating  the  necessity  for  providing 
additional  controls  on  the  cooling  system  to  limit  the  compressor  mass  flow. 


3.3.6  Cooling  Capacity  Change  with  Varying  Evaporator  Air  Inlet  Temperature 

Figure  22  shows  that  the  system  cooling  capacity  increases  markedly  with  increasing  evap¬ 
orator  inlet  air  temperature— from  4  kW  at  15°C  to  8  kW  at  40°C.  The  main  factors  influencing 
this  trend  are  improved  evaporator  heat  transfer  and  increased  refrigerant  mass  flow  (due  to 
higher  suction  pressures). 
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4.  PERFORMANCE  OF  INDIVIDUAL  COMPONENTS 


The  foregoing  Sections  2  and  3  describe  the  performance  of  particular  complete  cooling 
systems.  However,  mutual  interaction  between  components  tends  to  mask  knowledge  of  their 
individual  performance.  This  section  examines  the  performance  of  the  components  when 
considered  as  separate  entities  so  that  the  behaviour  of,  for  example,  the  compressor  when  applied 
to  any  given  system,  can  be  assessed. 


4.1  Compressor  Performance 

The  cooling  capacity  of  the  York  209  compressor  is  given  in  Figures  23-25  for  three  speeds 
(1000,  2000,  3000  r/min),  and  is  plotted  versus  condensing  temperature  for  various  values  of 
suction  saturation  temperature.  The  compressor  power  consumption,  similarly  presented,  is 
given  in  Figure  26.  The  data  from  which  these  figures  are  derived  are  given  in  Appendix  5.  As 
the  degree  of  subcooling  in  the  system  on  test  was  much  higher  than  is  achieved  in  normal 
installations,  the  cooling  capacity  data  of  Appendix  3  has  been  corrected,  where  necessary, 
for  6°C  of  subcooling  only.  Details  of  the  corrections  are  given  in  Appendix  5. 

The  compressor  performance  diagrams  (Figs.  23-26)  could  alternatively  have  been  plotted 
in  terms  of  compressor  discharge  pressure  (in  place  of  condensing  temperature)  and  compressor 
suction  pressure  (in  place  of  suction  saturation  temperature).  However,  the  reference  to  tem¬ 
perature  is  compatible  with  the  usual  format  for  evaporator  and  condenser  performance  diagrams. 


4.2  Evaporator  Performance 

Details  of  a  single  evaporator  matrix  are  given  in  Figure  27.  The  performance  characteristics 
(Fig.  28)  refer  to  the  dual  arrangement  of  Figure  10;  the  performance  of  each  evaporator 
individually  is  obtained  by  halving  the  cooling  capacities  plotted.  Additional  tests  (Appendix  6) 
were  undertaken  at  low  compressor  speed  (5 1 5  r/min)  to  provide  data  in  the  low  cooling  capacity 
region  of  these  curves. 

The  characteristics  presented  are  for  dry  operation  of  the  evaporator  and  show  the  effect 
of  varying  inlet  air  dry  bulb  temperature.  Where  the  evaporator  function  includes  dehumidification 
in  addition  to  cooling,  the  effect  of  inlet  air  wet  bulb  temperature  is  more  appropriate. 


4.3  Condenser  Performance 

The  condenser  performance  is  given  in  Figure  29  for  one  cooling  air  mass  flow.  This  perfor¬ 
mance  diagram  is  for  the  three  parallel-connected  condensers,  as  illustrated  in  the  schematic  of 
Figure  10.  The  condensers  were  placed  in  series  in  the  cooling  airstream.  One  of  the  condensers, 
which  was  manufactured  for  automotive  use,  is  pictured  in  Figure  30.  As  has  been  discussed 
in  Section  3. 1 ,  this  condenser  arrangement  is  not  considered  ideal  but  was  utilised  only  because 
more  suitable  components  were  not  available. 

The  condenser  performance  (Fig.  29)  was  found  from  the  data  of  Appendix  3.  Interpolation 
has  been  necessary  as  the  data  showed  considerable  variability,  thought  to  be  caused  primarily 
by  a  changing  liquid  level  in  the  condensers.  Such  a  change  would  alter  the  area  available  for 
heat  transfer  in  the  desuperheating  and  condensing  phases,  and  hence  alter  the  overall  heat 
transfer  coefficient  for  the  condenser.  In  addition  the  liquid  level  in  each  of  the  three  condensers 
may  have  differed,  so  that  the  performance  capability  of  a  single  condenser  may  not  simply 
be  one-third  of  the  heat  rejection  capability  of  Figure  29. 


5.  COMPONENT  BALANCING  IN  COOLING  SYSTEMS 

The  perfc  mnce  of  the  mpressor,  evaporator  and  condenser  operating  together  can  be 
found  by  elim.  '  the  ternal  variables,  namely  the  condensing  temperature  and  suction 
saturation  tempei..^.e.  The  system  performance  can  then  be  described  in  terms  of  the  external 
variables — the  evaporator  and  condenser  entering  air  temperatures  and  velocities,  and  the 
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compressor  speed.  This  solution  could  be  obtained  analytically,  by  expressing  the  component 
characteristics  as  algebraic  equations  and  simultaneously  solving  these,  or  by  employing  digital 
computer  techniques.  A  rather  simpler  graphical  method  as  described  in  detail  by  the  American 
Society  of  Heating,  Refrigerating  and  Airconditioning  Engineers  (1965)  can  suffice;  a  brief 
description  is  given  here. 

Consider,  for  example,  a  compressor  speed  of  2000  r/min.  Superimpose  the  condenser 
characteristics  of  Figure  29  onto  the  curves  giving  required  condenser  heat  rejection  (Figure  24o) 
to  give  the  combined  plot,  for  compressor  and  condenser,  illustrated  in  Figure  31h.  Transfer  the 
points  of  intersection  on  this  plot  to  the  corresponding  suction  saturation  temperature  curves  of 
Figure  31<j.  There  now  result  the  cooling  capacity  and  condensing  temperatures  arising  from 
operation  of  this  particular  compressor/condenser  combination.  Figure  31a  can  then  be  replotted 
on  the  evaporator  performance  diagram  (using,  for  example,  the  high  evaporator  airflow 
characteristic,  Figure  28a),  resulting  in  Figure  32a.  The  points  of  intersection  of  lines  on  Figure  32a 
can  then  be  replotted,  resulting  in  the  overall  system  performance  diagram  of  Figure  32Z>.  The 
effects  of  pressure  drop  have  been  neglected  here;  these  can  be  considered  by  converting  to  an 
equivalent  temperature  drop,  and  adjusting  the  superposition  of  the  curves  accordingly. 

The  advantages  of  using  digital  computer  techniques  for  the  design  of  systems  to  cover 
differing  requirements  is  obvious— optimisation  of  component  sizes  (including  fans  for  condenser/ 
compressor  airflow)  can  then  readily  be  carried  out. 


6.  DISCUSSION 

At  the  outset  of  this  programme  very  little  quantitative  data  was  available  relating  to  the 
performance  of  the  components  of  automotive-type  cooling  systems.  For  this  reason  a  detailed 
analysis  and  description  of  the  individual  components  has  been  provided  in  this  report;  by 
extrapolation,  this  description  should  enable  estimation  of  the  performance  of  other  similar 
automotive-type  components. 

Unlike  the  evaporator  and  condenser,  for  which  no  performance  characteristics  were 
available,  published  compressor  characteristics  were  readily  obtainable  from  the  suppliers. 
These,  however,  were  found  to  be  rather  more  optimistic  with  regard  to  cooling  capacity  than 
the  results  obtained  from  these  tests.  There  is  no  obvious  reason  for  this  discrepancy. 
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APPENDIX  1 


Test  Results  for  Cooling  System  with  Single  Imperial  5  Evaporator  Assembly 


Test  Number: 

1 

2 

Compressor : 

Speed  (r/min) 

2713 

2713 

Power  (kW) 

2-47 

2-57 

Condenser: 

Air  mass  flow  (kg/s) 

0-680 

0-703 

Air  inlet  temp.  (°C) 

34-5 

20-5 

Refrigerant  inlet  temp.  (°C) 

94 

80 

Refrigerant  outlet  temp.  (°C) 

48-5 

32-5 

Refrigerant  pressure  (kPa  abs.) 

1306 

881 

(Ibf/in2  gauge) 

175 

113 

Refrigerant  subcoolir.g  at  outlet  (°C) 

4-8 

4-1 

Evaporator: 

Inlet  air  temp.  (°C) 

34-0 

21  -6 

Outlet  air  temp.  (:C) 

10-6 

2-3 

Fan  motor  voltage  (V) 

140 

15-0 

Air  mass  flow  (kg/s) 

0-139 

0-148 

Condensate  collection  rate  (kg/h) 

0-80 

1  -20 

Cooling  effect— Sensible  (kW) 

3-25 

2-85 

Latent  (kW) 

0-55 

0-82 

Total  (kW) 

3-80 

3-67 

Refrigerant  outlet  temp.  (°C) 

6-0 

-2-7 

Refrigerant  outlet  pressure  (kPa  abs.) 

256 

208 

(Ibf/in2  gauge) 

22-5 

15-5 

Refrigerant  superheat  at  outlet  (°C) 

11-6 

8-4 

Compressor  pressure  ratio 

5- 10 

4-23 

Coefficient  of  performance 

1-54 

1  -43 

APPENDIX  2 


Test  Results  for  Cooling  System  with  Two  Parallel  Imperial  5  Evaporator  Assemblies 


Test  Number: 

3 

4 

5 

Compressor: 

Speed  (r/min) 

2713 

2713 

2713 

Power  (kW) 

2-46 

2-46 

3-24 

Condenser: 

Air  mass  flow  (kg/s) 

0-537 

0-667 

0-673 

Air  inlet  temp.  (eC) 

21-6 

22-5 

33-8 

Refrigerant  inlet  temp.  (°C) 

80-0 

80-0 

92-5 

Refrigerant  outlet  temp.  (°C) 

38-5 

39-0 

56-5 

Refrigerant  pressure  (kPa  abs.) 

1081 

1102 

1480 

(lbf/in2  gauge) 

142 

145 

200 

Refrigerant  subcooling  at  outlet  (°C) 

6 

6-5 

2-4 

Evaporator: 

Inlet  air  temp.  (°C) 

23-0 

24-5 

34-6 

Outlet  air  temp.  (°C) 

7-8 

9-8 

15-5 

Fan  motor  voltage  (V) 

12-3 

14-0 

14-07 

Air  mass  flow  (kg/s) 

0-248 

0-278 

0-280 

Condensate  collection  rate  (kg/h) 

2-00 

2  04 

0-0 

Cooling  effect— Sensible  (kW) 

3-76 

4-09 

5-35 

Latent  (kW) 

1  -36 

1-39 

0-0 

Total  (kW) 

5-12 

5-48 

5-33 

Refrigerant  outlet  temp.  (°C) 

3-0 

5-0 

12-0 

Refrigerant  outlet  pressure  (kPa  abs.) 

273 

297 

345 

(lbf/in2  gauge) 

25-0 

28-5 

35-4 

Refrigerant  superheat  at  outlet  (°C) 

6-3 

6-1 

8-7 

Compressor  pressure  ratio 

3-96 

3-71 

4-30 

Coefficient  of  performance 

2-04 

2-21 

1-64 

Test  Number: 

l 

Compressor: 

Speed  (r.'min) 

2980 

Power  (kW) 

4-25 

R12  inlet  temp.  (  C) 

9-7 

R12  inlet  pressure  (kPa  abs.) 

308 

(Ibf/in*  gauge) 

30-0 

R1 2  outlet  temp.  (  C) 

94-2 

R12  oulet  pressure  {kPa  abs.) 

1239 

(Ibf/in*  gauge) 

165 

Pressure  ratio 

4-02 

Condenser: 

Air  mass  flow  (kg/s) 

112 

Air  inlet  temp.  (  C) 

29-1 

RI2  outlet  temp.  (  C) 

42-0 

R12  outlet  pressure  (kPa  abs.) 

1080 

(Ibf/in2  gauge) 

142 

R12  subcooling  at  outlet  (  C) 

30 

Evaporator: 

Inlet  air  temp.  (  C) 

30-7 

Outlet  air  temp.  (  C) 

18-5 

Air  mass  flow  (kg/s) 

0  585 

Cooling  effect  (kW) 

7-21 

R12  inlet  temp  (  C) 

38-0 

R12  outlet  temp.  (  C) 

11  -6 

RI2  outlet  pressure  (kPa  abs.) 

385 

(Ibf/in*  gauge) 

41  -2 

R12  superheat  at  outlet  (T) 

4-4 

Coefficient  of  performance 

1-70 

Refrigerant  mass  flow  (g/s) 

65-5 

Volumetric  efficiency  of  compressor 

0-54 

sentropic  efficiency  of  compressor 

0-71 

APPENDIX  3 

Cooling  System  Test  Results  (Tests  I— 14) 


309 
-6  9 
248 
21  3 
75-7 
1191 
158 


Cooling  System  Test  Results  (Tests  15-27) 


APPENDIX  4 


Test  Results  with  Varying  Evaporator  Inlet  Air  Temperature 


Test  Number: 

28 

29 

30 

31 

32 

Compressor: 

Type 

York  209 

York  209 

York  209 

York  209 

York  209 

Speed  (r/min) 

2000 

2000 

2000 

2000 

2000 

Power  (kW) 

3-12 

2-87 

2-76 

2-56 

2-42 

RI2  inlet  temp.  (’C) 

13-3 

9-8 

7-7 

6-0 

5-2 

RI2  inlet  pressure  (kPa  abs.) 

382 

342 

318 

287 

270 

(Ibf/in2  gauge) 

40-8 

35-0 

31  -5 

27 

24-5 

RI2  outlet  temp.  (rC) 

91  -6 

93-3 

94  - 

95-5 

97-1 

RI2  outlet  pressure  (kPa  abs.) 

1734 

1741 

1706 

1713 

1699 

(Ibf/in2  gauge) 

237 

238 

233 

234 

232 

Pressure  ratio 

4-54 

5-09 

5-37 

5-97 

6-30 

Condenser: 

Air  mass  flow  (kg/'s) 

109 

109 

1  08 

1  00 

1-02 

Air  inlet  temp.  (°C) 

25-7 

25-8 

26-2 

26-1 

26-7 

RI2  outlet  temp.  (CC) 

26- 1 

261 

25-8 

25-8 

26-1 

RI2  outlet  pressure  (kPa  abs.) 

1610 

1630 

1623 

1617 

1637 

(Ibf/in2  gauge) 

219 

222 

221 

220 

223 

RI2  subcooling  at  outlet  (°C) 

37  0 

37-0 

37-0 

37-0 

36-7 

Evaporator: 

Inlet  air  temp  (=C) 

35-9 

29-3 

24-8 

19-8 

16-2 

Outlet  air  temp  (°C) 

23-4 

19-0 

15-3 

11-6 

9-2 

Air  mass  flow  (kg/s) 

0-582 

0-589 

0-593 

0-598 

0-602 

Cooling  effect  (kW) 

7-34 

6-13 

5-69 

4-95 

4-26 

RI2  inlet  temp.  (CC) 

29-5 

27-0 

25-0 

24-0 

32-5 

R12  outlet  temp.  (  C) 

14  4 

10-6 

7-9 

4-7 

3-8 

RI2  outlet  pressure  (kPa  abs.) 

420 

384 

360 

322 

305 

(Ibf/in2  gauge) 

46  2 

41  -0 

37-5 

32-0 

29-5 

R12  superheat  at  outlet  (5C) 

4-4 

3-9 

2-9 

3-6 

4-4 

Coefficient  of  performance 

2-35 

2-13 

2-06 

1  -93 

1-76 

Refrigerant  mass  flow  (g/s) 

62-1 

51  -4 

49-2 

43-7 

39-0 

Volumetric  efficiency  of  compressor 

0-63 

0-57 

0-59 

0-57 

0-53 

Isentropic  efficiency  of  compressor 

0-87 

0-85 

0-86 

0-84 

0-84 

i 


APPENDIX  5 


Data  Points  for  Compressor  Performance  Characteristics 


Test  Number: 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

D 

Condensing  temp.  <  C) 

51*1 

48-8 

48-8 

rm 

61  -7 

m 

68-3 

67-7 

71  - 1 

51  *  1 

47-8 

47-2 

58-3 

tm 

Saturation  temp.  (  C) 

0  0 

6  6 

-  7-7 

i-i 

-6-7 

-7-7 

3-3 

-2-2 

-7-7 

■<g<l 

4-4 

-7-2 

2-2 

Measured  cooling  capacity  (kW) 

7-21 

5-72 

4-33 

6-98 

5-5 

4-22 

7-13 

5-31 

4-35 

6-22 

5-37 

4-31 

6-58 

5  09 

Correction  for  6  C  subcooling  (kW) 

00 

0-90 

0-62 

■tail 

3  06 

0-63 

mi 

1  05 

1  04 

Cooling  capacity  for  6  C  subcooling  (kW) 

7-21 

4-82 

3  71 

6-98 

4  51 

3-59 

6-47 

3-29 

5-32 

4-74 

3-74 

5-53 

4  05 

Calculated  condenser  heat  rejection*  (kW) 

10-56 

7  00 

5  91 

7  25 

5-27 

10-27 

7-89 

609 

7-72 

6-89 

5  44 

8  11 

6-43 

Test  Number: 

15 

16 

17 

18 

19 

9 

26 

Condensing  temp.  (  C) 

58-3 

67-2 

68-3 

67-2 

47-2 

ns 

69-4 

68-3 

69-4 

Saturation  temp.  (  C) 

5  0 

1-7 

-  M 

-4  4 

8-8 

3-8 

1-7 

9-4 

5  0 

2-8 

10  5 

7-2 

3-3 

Measured  cooling  capacity  <kW) 

4-34 

5-95 

5-26 

4  20 

5-25 

4  21 

3-63 

5-02 

3-79 

3-34 

4-63 

3-89 

3-23 

Correction  for  6  C  subcooling  (kW) 

1  -30 

1  02 

0-83 

0-78 

0  56 

0  45 

0  79 

1  04 

0-53 

0  76 

0-57 

0-85 

Cooling  capacity  for  6  C  subcooling  (kW) 

3-6 

4  65 

4-  24 

3-37 

4-46 

3-65 

318 

4-23 

2-75 

2  81 

3-87 

3-32 

2-38 

Calculated  condenser  heat  rejection*  (kW) 

5-58 

7-32 

660 

5-48 

6  01 

4-94 

413 

5-60 

3-87 

3-72 

5-24 

4-43 

3-29 

*  The  calculated  condenser  heat  rejection  is  found  from  the  sum  of  the  cooling  capacity  for  6  C  subcooling,  and  the  power  input  to  the  refrigerant  in  the 
compression  phase,  the  latter  being  found  by  multiplying  the  refrigerant  mass  flow  by  the  change  in  enthalpy  per  kg  refrigerant  during  the  compression  phase. 


APPENDIX  6 


Data  Points  for  Extension  of  Evaporator  Perfomance  Characteristics 


Test  Number: 

33 

34 

35 

36 

37 

38 

39 

Inlet  air  temp.  (°C) 

38  0 

29-3 

22-5 

21  -2 

37-0 

37-5 

21-5 

Outlet  air  temp.  (°C) 

29-3 

22-5 

17-2 

10-0 

19-5 

24-0 

13-0 

Air  mass  flow  (kg/s) 

0-550 

0-570 

0-580 

0-209 

0-209 

0-273 

0-280 

Cooling  Capacity  (kW) 

4-80 

3  88 

3  06 

2-34 

3-66 

3-69 

2-38 

Refrigerant  in  (  C) 

26-0 

25  0 

24-0 

23-0 

26-5 

27-5 

25-0 

Refrigerant  out  (  C) 

17  4 

12  2 

7-9 

0-6 

10  1 

13  1 

3-3 

Refrigerant  pressure  (lbf/in2  gauge) 

62  0 

50-0 

41  0 

29-8 

43-2 

52-2 

33-0 

(kPa  abs.) 

528 

445 

383 

306 

398 

460 

328 

Superheat  (  C) 

0  0 

0-0 

1-2 

0-6 

1  -8 

0-3 

11 

Saturation  temp.  (  C) 

17-8 

12-2 

6-7 

0-0 

8-3 

12-8 

2-2 

Evaporators 


Airflow 


Compressor  ^ankyo 


Airflow 


Thermostatic 

expansion 

valves 


Valves  to  isolate 
evaporators 


Inlet  air 
heater 


Filter-dryer 


Receiver-filter— dryer 


FIG.  1  SCHEMATIC  DIAGRAM  OF  COOLING  SYSTEM 


FIG.  2  COMPLETE  UNICLA  IMPERIAL  5  EVAPORATOR  ASSEMBLY 


FIG.  3  EVAPORATOR  MATRIX  FROM  IMPERIAL  5  EVAPORATOR  ASSEMBLY 


Overall  length  (including  clutch)  :  210  mm 
Weight  (with  clutch)  :  8.16  kg 
Weight  (without  clutch)  :  5.60  kg 


FIG.  7  SANKYOSD  508  COMPRESSOR 


FIG.  8  TYPICAL  PRESSURE-ENTHALPY  DIAGRAM  FOR  A  VAPOUR-CYCLE 

COOLING  SYSTEM 


(Points  1-4  shown  on  the  schematic  diagram  of  Fig.  1 ) 


(Ibf/i  n2) 


FIG.  10  SCHEMATIC  DIAGRAM  OF  COOLING  SYSTEM 


FIG.  12  EVAPORATOR  TEST  ROOM 


Overall  height  :  240  mm 

:  140  mm 

length  (without  clutch)  :  170  mm 
Weight  (with  clutch)  :  9.88  kg 

(without  clutch)  ;  6.62  kg 


FIG.  13  YORK  209  REFRIGERANT  COMPRESSOR 


CONDENSER  INSTALLATION 


Cooling  (kW) 


Evaporator  airflow 
-  —  -  high 

_ _ medium 

_ low 


(a)  Compressor  discharge  pressure  1030  kPa  (150  lbf/in2)  gauge 

Cooling  (kW) 


Compressor  speed  (r/min) 
(b)  Compressor  discharge  pressure  1380  kPa  (200  lbf/in2)  gauge 

Cooling  (kW) 


FIGS.  17a,  b,  c  COOLING  CAPACITY  VS.  COMPRESSOR  SPEED  (YORK  209  COMPRESSOR) 


Compressor 
power  (kW) 


Compressor  W  Compressor  discharge  pressure  1030  kPa  (150  lbf/in2 )  gauge 
power  (kW) 


Compressor  speed  (r/min) 

Compressor  Compressor  discharge  pressure  1380  kPa  (200  lbf/in2 )  gauge 

power  (kW) 


Compressor  speed  (r/min) 
(c)  Compressor  discharge  pressure  1 720  kPa  (250  lbf/in2 )  gauge 


FIGS.  18a,  b,  c  COMPRESSOR  POWE  R  CONSUMPTION  VS.  COMPRESSOR  SPEED 

(YORK  209  COMPRESSOR) 


Coefficient  of 
performance 


Compressor  speed  (r/min) 

Coefficient  of  ^  Compressor  discharge  pressure  1030  kPa  (150  lbf/in2)  gauge 
performance 


Coefficient  of  ^  Compressor  discharge  pressure  1380  kPa  (200  lbf/in2)  gauge 
performance 


Compressor  speed  (r/min) 
(c)  Compressor  discharge  pressure  1 720  kPa  (250  lbf/in2 )  gauge 


FIGS.  19a,  b,  c  COEFFICIENT  OF  PERFORMANCE  OF  THE  COOLING  SYSTEM 


Isentropic 

efficiency 


Compressor  speed  (r/min) 
(c)  Compressor  discharge  pressure  1 720  kPa  (250  lbf/in2 )  gauge 


FIGS  20a,  b,  c  COMPRESSOR  ISENTROPIC  EFFICIENCY  (YORK  209  COMPRESSOR) 


Volumetric 

efficiency 

1.0 


0.9 


0.5 


1000  2000  3000 


Volumetric  Compressor  speed  (r/min) 


Volumetric  Compressor  speed  (r/min) 

efficiency  (b)  Compressor  discharge  pressure  1380  kPa  (200  lbf/in2)  gauge 


Compressor  speed  (r/min) 
(c)  Compressor  discharge  pressure  1720  k  Pa  (250  lbf/in2)  gauge 


FIGS.  21a,  b,  c  COMPRESSOR  VOLUMETRIC  EFFICIENCY  (YORK  209  COMPRESSOR) 


Evaporator  inlet  air  temperature  (°C) 


FIG.  22  EFFECT  OF  CHANGES  IN  EVAPORATOR  INLET  AIR  TEMPERATURE 

ON  COOLING  CAPACITY 


(a)  Coc 


Condenser  heat 
rejection  (kW> 


23a.  b  COMPRESSOR  PERFO 
SPEED  3000  R/MIN,  6 


FIG. 
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Condensing  temperature  (°C) 
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FIGS.  26  a,  b,  c  COMPRESSOR  POWER  CONSUMPTION  (YORK  209  COMPRESSOR) 


Weight:  3.20  kg  (incl.  T— X  valve) 


PIG.  27  (b)  DIMENSIONS  AND  LAYOUT  OF 


EVAPORATOR  MATRIX 
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FIGS.  28  a,  b,  c  EVAPORATOR  PERFORMANCE  DIAGRAMS  FOR  TWO  PARALLEL 
EVAPORATORS 
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FIGS.  32  a,  b  COMBINED  PERFORMANCE  DIAGRAM  FOR  OVERALL  SYSTEM 
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